Abstract: Globalisation has created a situation of increased international competition, which puts companies under pressure to compete in the value added to customers. This paper presents an integrated framework for product design and development in distributed and collaborative environments. The proposed system integrates the software tools and resources in the design process to enable geographically dispersed design teams and vendors to collaborate. The early participation of the vendors in the design process is critical to improve quality and reduce development cycle-time. The real-time, automated generation and modification of parametric CAD models are introduced to further assist the system reduce the cycle-time.
Introduction
Leading firms are able to introduce high-quality new products and to customise existing products more frequently and more quickly by adopting new technologies and methods. To remain competitive, other companies must respond. One response is to form temporary virtual companies that meet a specific short-term demand. Each participant brings only its core proficiency while relying on the others to complete the virtual enterprise. Corporations are also finding that close collaboration with their engineering partners in the supply chain is required to respond quickly to the changing needs of customers.
The network provides the media for data transmission and exchange. Therefore, there are important challenges to the network. These include compatibility of applications, management of the data, production and new releases of software, education of end users to accomplish application proficiency, education of management in the applicability and limitation of applications, realistic estimations of resource cost, and return on investment for technology implementation (Douglas et al., 1998; Barry et al., 2000) . These issues happen with the appearance of each new technology. Back in the 1980s, technology was considered to be very costly, risky, tough to use, and complicated to validate. Since solid modelling technology has been developed and has received extensive recognition in the design and manufacturing society, the negative features of technology hindering its proliferation mostly have been done away with. Validation for the hardware and software of each solid modelling system is no longer a major concern (Deutschman et al., 1975; Manuel et al., 2002; Teruaki, 2007) .
The present paper introduces a new approach for an integrative framework that would enable the design teams to construct performance models of complex design problems, rapidly if necessary. This framework can provide both design insight and a tool to evaluate, optimise, and select better alternatives. Interaction between the elements at every level of design is a critical issue. The framework should not be limited to internal function integration, but it should also consider external functions such as vendors.
The vendors have precise and detailed knowledge of their items. This expertise should be incorporated into the main development system to assure and optimise the product as a complete system. The templates for different processes and/or procedures should be designed so to assist in evaluating and optimising the design alternatives through proper integration and analysis. The framework described in this paper is developed to address most of these factors.
Including this introductory section, this paper is organised into eight sections. Characteristics of collaborative engineering during the product development stage are addressed in Section 2. Section 3 discusses effective collaborative engineering for integrated product development. Section 4 describes literature review of the previous research efforts in the area of collaborative product design. Problem description is presented in Section 5. Section 6 describes the proposed framework for a collaborative engineering environment. The advantages of the proposed system are listed in Section 7. Finally, Section 8 presents conclusions and future work.
Characteristics of collaborative engineering during product development stage
Collaboration technology allows people, or groups of people, to work together from remote sites. Design meetings, product reviews, supplier sessions, and customer reviews no longer require travel and time away from daily work. Depending on the software being used, everything from 2-D drawings, to Microsoft Office documents, to 3-D model assemblies can be viewed, marked up, manipulated, and modified by computer in an interactive session (Albrecht and Nicol, 2002) . There are many significant advantages to using collaboration technologies (Khalid, 2001; Molina et al., 2005) :
• A design project team no longer needs to be relocated. The team can work together on a design online in a virtual meeting with their counterparts across town, within company divisions across the nation, or with resources across the world.
• Design and marketing reviews of a 3-D model concept can be held across a company's divisions or with divisions and customers across the globe linking up multiple sites.
• Suppliers can join collaboration sessions to argue about components or tooling directly with their customer from their location.
• Industrial organisations can fight for business across long distances by offering the aptitude to frequently meet with their customer and collaborate on projects without incurring the expense and lost work time of travel to their location.
• There are incredible savings in travel costs in addition to the savings gained by reducing employee down time during the travelling required by face-to-face meetings. None of the parties involved in these sessions need to spend more than the duration of a regular meeting away from their company.
• Designs improve, there is a reduction in the number of design cycles, and the time to production and market is shortened by improving communications without requiring travel.
• Companies obtain the benefit of resources within their own divisions, gain external resources and expertise, and can use low-cost suppliers that otherwise would be too far away to use effectively.
During the product development stage of complex product design, most processes are changeable, but they are extremely networked, dynamic, parallel, and developed over time. The development of a new car, for example, consists of the concurrent development of several parts, including the gear box, the body, the brake system, etc. (Dudley, 1962; Noel and Brissaud, 2003) . Different groups, such as subcontractors, design these parts in a distributed environment. Developing these parts needs an obvious description of interfaces, constant communication, and consideration of the respective needs of various groups (Srinivasan et al., 1997) . As a result, the amount of information that should be managed increases quickly (Rouibah and Caskey, 2003) . Therefore, conflicting information and duplicated data must be avoided. That happens in customer order-driven engineering. These procedures generate the product data that are required for managing and realisation of the manufacturing process, as shown in Figure 1 . Product development requires team effort, and it can not be initiated and completed by an individual working singlehandedly. Product development is the process of building a new product or service to be used by the customers. Design refers to the activities involved in creating the product structure, deciding on the products mechanical architecture, selecting materials and processes, and engineering the various components necessary to make the product work (Ulrich and Eppinger, 2000) . Development refers collectively to the entire process of identifying a market opportunity and functional requirements, then finally testing, modifying, and refining the product until it is ready for manufacture. The development of a product is timeconsuming, lengthy, and costly (Agnar et al., 2004; Qiu et al., 2006) . In a typical product development process, the design occurs largely before final full-scale manufacturing. In most cases, this design is later altered or refined due to manufacturing difficulties, which lead to increased cost and time spent. The manufacturing department is responsible for determining the feasibility, for the cost of building the prospective new product, and for necessary modifications (Wallace et al., 2000) . If the decision has been taken to outsource some of the components in the final product, the vendors come into direct consideration. The vendors become a part of the design team, as they will be contributing towards the development of the final product. Hence, it is very important to consider the vendors involvement in the design process, beginning with the initial stages of the design and development of the product (Pahl and Beitz, 1996) . Thus, in any product design and development scenario, the interaction among marketing, engineering, manufacturing, and, in most cases, the vendors is very important. This requisite can be addressed with integrated product design and development or collaborative product development (Chen and Liang, 2000; Lee et al., 2003) .
Collaborative Product Development (CPD) practices are recognised as critical to the development of competitive products in today's dynamic market. Product development teams, particularly when team members are dispersed, are a critical element of CPD practices to facilitate early involvement and parallel design of products and their processes. A hierarchical distribution of work is essential for large organisations and their complex products. This structure also results in the geographic dispersion of people and functional areas. These factors oblige many of the informal relationships among the resources. It may result in a lack of effective communication and coordination between them. Functional departments lean inwardly toward functional objectives. The hierarchical structure becomes incapable of coordinating many of the cross-functional activities during the product development. Product Development Teams (PDT) are a way to address this complexity by organising the necessary skills and resources on a team basis to support product and process development in a highly interactive, parallelly collaborative manner (Khalid, 2001) .
PDT are formed with personnel from various functional departments to support different stages of the development process, including the production and services. This early involvement will result in a complete understanding of all the requirements and a consensus approach to the design of both the product and its manufacturing and support processes. Product development teams promote open discussion and innovative thinking, resulting in superior products, more efficient processes, and, ultimately, a more satisfied customer (Gupta and Wilemon, 1998) . The focus of the team will be to satisfy the external customers product and support requirements, as well as the internal customer (functional department) requirements related to factors such as producibility, cost, supportability, testability, etc. (Wang, 1998) .
As the organisation moves towards implementing PDT's, the closer proximity of the functional departments makes it easier for the team members to work together and to coordinate activities. As individuals are working on a dayto-day basis in close proximity, they have an opportunity to develop a close working relationship that improves overall team dynamics (Pawar and Sharifi, 1997) . This enhances the frequency and quality of communication. There is greater opportunity for feedback and discussion. Team members can respond more rapidly to issues and initiate process tasks more quickly (Moffat, 1998) .
Effective collaborative engineering for integrated product development
Most of the engineer's actual work is problem-solving, compromise, and decision-making in a dynamically changing environment. According to one statistic, more than 50% of a workers' time is spent in handling exceptions. Two studies of engineering activities have shown that a very high percentage of engineering hours is spent on organisational issues rather than on productive activities. Key factors recognised as decreasing engineering efficiency include the following:
• lack of direct access to product data among the engineering allies because of the lack of engineering participation in early stages of the design
• many engineering changes in production due to traditional design process
• uncontrolled and unstructured communication and coordination between engineering allies.
For an effective distribution of the tasks among the design teams, the structured approach is significant. The distribution process should begin with the product definition and end with the manufacturing of the product. The first step toward effective Integrated Product Development (IPD) is the understanding and management of customer requirements. The product definition and structure should be based on well-understood customer needs. These needs should be evaluated and refined considering the expected time-to-market and quality of the product. Expertise from several fields is then drawn based on these established requirements (Willaert et al., 1998) . The early participation of all people in the department relevant to the development process provides a multifunctional perspective. This helps reduce and/or eliminate redundancies in data and manufacturing. Today's dynamic market demands more outsourcing from vendors. The vendors know their products best. The utilisation of this expertise could help improve product quality, optimise the product at system level, and reduce the cycle time (Sethi and Nicholoson, 2001 ). Along with expertise from different fields and vendors, distribution and integration of the resources is also critical. The integration of different CAD/CAM/CAE tools could shorten the development process and optimise the design. The use of a common electronic product model reduces the chances of redundancy and errors. The feature-based solids modelling, parametric modelling, and electronic design frameworks facilitate the analysis and use of product data among participating teams. With advancements in IT, it is possible to electronically simulate product performance, interface checking, and manufacturing feasibility. This helps refine the product and the processes from a manufacturing perspective (Koufteros et al., 2001) . This overall development process should not be set as standard and needs to be improved as it progresses.
Literature review
Many researchers are working on developing the technologies or infrastructure to support the distributed design environment. Some are working on providing a platform for sharing or coordinating the product information via World Wide Web (Eddy and Anthony, 1999; Emilda et al., 2004) . Others are developing the framework that enables the designers to build integrated models and to collaborate by exchanging services (Srinivasan et al., 1997; Pahng et al., 1998; Charles, 2002) . Of these, the major projects under development are DOME (Srinivasan et al., 1997) and SHARE (Cutkosky et al., 1993) .
Distributed Object Modelling and Evaluation (DOME)
The Distribute Object Modelling and Evaluation (DOME) -framework allows the designer to define mathematical models in a collaborative design environment using a set of interconnected modules (Pahng et al., 1998) . The DOME framework is based on decomposing the multidisciplinary problems into modular subproblems. This decomposition divides the overall complexity of the problem and distributes the knowledge and responsibility among the designers. The DOME framework helps the designer to define and develop mathematical models and link them to form a large system model (Srinivasan et al., 1997) . Each module summarises a model describing related aspects of the design in the form of variables and their relations. These modules interact with each other through standard internet communication protocols, exchanging the information, and reacting to each other's changes. A Model Definition Language (MODeL) (Borland, 1997) -has been developed for defining problem models in the DOME framework. An optimisation engine based on genetic algorithms has been developed and integrated with the framework (Wallace and Senin, 1997) . Design solutions can be assessed and compared with each other using goalbased evaluation tools embedded in the framework. The results and the process can be visualised or conveyed to all participants depending on the level of involvement. The structure of DOME is based on distributed object technology and uses CORBA as a communication protocol.
SHARE project
The SHARE project explores the information technologies and applies them to assist the design team gather, organise, re-access, and communicate both formal and informal design information. It is called a "Methodology and Environment for Collaborative Product Development" (Cutkosky et al., 1993) . SHARE project is based on establishing a 'shared understanding' of the design and design process among the design teams. The term understanding refers to the information, knowledge, viewpoint, decisions, and suggestions that individuals on the design team share with each other. SHARE advocates computer use in all the design-communication-documentation activities. SHARE methodology is a mixed network-oriented environment, which enables the designers to participate in a distributed team using their own tools and databases. It provides templates and commercial software to assists the process of structuring, organising, and sharing information. It has the following characteristics:
• online availability of notebooks, handbooks, design libraries, and related documents
• collaboration services, including electronic mail and video conferencing
• online catalogs for pricing, shipping, and ordering
• specialised services for analysis, simulation, planning, and sharing engineering knowledge
• distributed Product Data Management (PDM) service to notify concerned personnel of changes.
Problem description
In this paper, the design of a single stage spur gearbox in a collaborative environment is addressed as a case study. The design problem is decomposed into modules such as physical components, design constraints, parametric models, analysis procedures, and CAD modelling. The important aspect of the framework is an integration of these modules used during the design process in the collaborative environment. The proposed collaborative framework allows the integration to be immediately revised for the functional model. An individual and/or any of the groups do not have to analyse the problem repeatedly for every change in requirements. Usually, the design teams and vendors operate in a different environment. The tools used during the product development process vary with the design teams and vendors. The problems may arise in sharing the information in different forms. Also, sometimes it is very difficult to convert the data or information from one form to another. This necessitates the vendor's involvement at early stages in the development process. The developed system allows the designer to collaborate with vendors and other team members to speed up and optimise the design process, considering the relationship within these modules.
The proposed framework for collaborative engineering environment
The problem of gearbox design is decomposed and distributed among the different design teams. At the system level, the Gearbox design problem has the requirements in terms of design variables and the required output performance characteristics. Along with the design variables, there are design constraints like low weight and low cost. Table 1 shows the decomposition and distribution of the problem. Once the design problem is decomposed, the next step is to assign the tasks to participating groups and individuals. The distribution of tasks is done based on the tools used. For this particular design problem, the tools and modules considered include analysis tool, optimisation team, vendor catalogs, and CAD modelling. These phases represent different design teams that are geographically dispersed. The Original Equipment Manufacturing (OEM) team is the final user of the system. The OEM user enters or changes the design variables and constraints according to the product requirements.
The user interface is shown in Figure 2 . These variables and constraints are mapped to the analysis tool with the help of file wrappers. The analysis module is the team of individuals who compose the design problem. The analysis module team performs the numerical analysis and generates the possible alternatives. The design problem and the alternatives are then evaluated at the optimisation module. The optimisation module retrieves the catalogs from the vendor(s) and generates the results in the form of best configuration of the system components. The optimisation tool puts the catalogs in every instance of the design procedure and evaluates against the design problem and constraint. The 'vendor A' is the supplier for the gears. This vendor has the set of catalogs for different gears. The catalogs are the replaceable modules containing the technical specification of the components. The CAD modelling group is responsible for creating the parametric models for the system components. The optimisation group sends the results to the CAD station. These results include the geometric details, material specifications, and analysis data. The CAD modelling group then generates the solid models based on these results. The CAD modelling group is also authorised for any modification required in the current design. If there are any modifications, the new parameters are sent back to the analysis module for analysis. This cycle continues until all the groups approve the design, and it meets the functional requirements. Once the design is finalised, the CAD models are created and sent to the User Interface.
System structure and components
The proposed framework is shown in Figure 3 . It is composed of five basis modules: analysis tool, collaborative environment, optimisation module, cad modelling, and vendor's catalogs. An integrated product design approach for the design of a single stage speed reducer with a pair of spur gears is explained using the developed system. The design problem is composed of analysis for performance characteristics, catalog selection for vendor supplied items, and CAD modelling for selected alternatives. The product is decomposed into the primary functional system, subsystems, and the components. Maintaining the interdependency among these subsystems and components is very important for them to work as a system. It is also important to consider attributes such as standardisation, modularity, future changes, and ease of manufacture and assembly, etc. For the outsource components, the vendors have to contribute with associated design and engineering. This early involvement can affect the quality and the speed of the development process. In the detail design process, further engineering is done for individual components in the system. The automated generation of 3D computer models for different alternatives can serve as a unique data model throughout the development process and eliminate and/or reduce the changes of redundancies.
Collaborative environment
Software integration is a complex process that requires a courtly solution. There has been significant advancement in data sharing techniques. The critical issue is maintaining the relationships and dependencies among the different types of data. The data and the information in the proposed system is categorised and defined as modules. The collaborative environment is the integration of all the modules and the catalogs. The ModelCenter is used as a service protocol, which connects different modules and catalogs keeping the corresponding relationship as shown in Figure 4 . ModelCenter is an application that allows users to graphically interact with the modules and generate links between dissimilar applications. The ModelCenter is a modelling and simulation environment designed to allow users to quickly build the models composed of components running on the different platforms (Woyak and Malone, 2000) . Through the assembly and the integration of these modules, the design teams can perform the analysis, optimisation, and the trade studies of system level parameters. Analysis server is another application by Phoenix Integration Inc. that integrates these models by wrapping techniques over the network (Woyak and Malone, 2000) . The parameters defined in the design problem are the elements of these models. The file wrappers are created to link the input data file (user interface) and the analysis tool. Once the analysis tool calculates the preliminary parameters, the file wrapper maps these values for the optimisation module. The results of optimisation are returned to the user interface where the user can comprehend these for further changes. At the same time, this set of results is also sent to the CAD modelling module. Solid models are automatically generated for different components of the product.
Analysis module
The design problem is composed of input parameters entered by the user. These are the input and output performance characteristics for the design analysis. The design problem is mapped to variables and synchronised with the analysis tool using the ModelCenter wrapper file. Analysis tool would be an application on the station at the design and validation engineering department. The analysis tool is introduced to set the decision variables and their evaluation. This application anatomises the design problem and provides feedback in terms of the performance requirements for different elements in the system. When the user enters/changes the parameters and runs the analysis, the wrappers map these as variables and the analysis server updates the associated variables in the model file. The analysis tool evaluates these parameters and generates the possible alternatives. These alternatives are then further analysed along with the optimisation criteria.
Optimisation module
The catalogs are the structured databases at the vendor's station. The optimisation module team can retrieve these catalogs on a limited-access basis. Here the 'limited access' means that the optimisation module team can only retrieve the specific information but cannot modify it. During the optimisation run, queries are created that retrieve only a particular catalog from the vendor station. This eliminates some of the issues for the information security. The optimisation tool maps these replaceable modules from the catalogs for every instance and places them in the current design alternative, until a suitable match(es) is found. The optimisation module selects the components from the catalogs and returns them to the user interface as results. This gives the user the detailed specifications for the product and its elements. The results obtained are the parameters obtained from the catalogs, which give the optimum performance for the given design requirements and constraints.
The results obtained from the analysis tool give theoretical values for the parameters that are acquired from empirical relations. The optimisation model is developed to get the configuration that satisfies the given constraints optimally. The relationships are imposed between the design variables from the design problem and the constraints from the modules. The optimisation tool runs an iterative procedure. The modules from the catalogs are called up and put into the current design instance. The modules that satisfy the design constraints and the available components from the vendor catalogs are then selected as alternatives. The graphical comparison of these alternatives is presented at the user interface, which helps the user to trade-off for size and cost. Depending on the requirements, the user can then manipulate the design variables to get the best possible configuration. Once the configuration is finalised, the program files for the CAD modelling are created automatically to generate the solid models of the components. In this case study, a pair of gear is selected from the catalogs and then evaluated for load, power, and other characteristics defined in the design problem.
Parametric CAD modelling module
Another important module of the framework is parametric CAD modelling. The parametric models are created for different components. The results obtained from the optimisation module are used to create the 3D solid models of each element in the system. These CAD models help the designer to visualise the interaction of the components for a given configuration. An automated design dramatically reduces the time spent generating the results for several alternatives. Also, it serves as a basis for generating detailed documentation for manufacturing.
The parametric models are created for each component in the system for optimised configuration. SDRC-IDEAS is the CAD tool used in the system. However, any CAD software can be used. For the synchronous, real-time application, parametric models are created (Lawry, 1997 ). The parametric model allows the user to update the model according to any change in the design process. For the gear models, pitch circle diameter is a reference dimension, and all the other geometric dimensions are constrained and defined using the equations. Once the optimisation module generates the alternatives and the results, they are conveyed to the parametric models. The change in pitch circle diameter updates the geometry. The solid models of the components are generated and can be displayed at the user interface in picture format. A solid model for a gear and respective shaft is shown in Figure 5 . The CAD user is authorised to make any design changes in the models. The CAD user interface is shown in Figure 6 . Here, the CAD user can accept the new parameters as the results of the initial analysis and/or modify the parameters and run the analysis. If the CAD user chooses to modify the geometry, he or she has to run the analysis again for these new parameters. While doing so, the new parameters set by the CAD user are conveyed to the main user and the participating groups. Once these new parameters are analysed and the results are satisfactory, the CAD user can proceed to generate the geometry for the components. For every change in the design process, the users can retrieve the corresponding CAD models. This gives the designer a chance to visualise the different alternatives and the optimum configuration of the component. These CAD models can further be used as a repository for FEA analysis, NC code generation, manufacturing documentation, reuse for new products, and several other applications. 
Advantages of the proposed system
The framework provides the means of integrating software tools that enable the designers to foresee the overall product and enterprise fulfilment during development phases. It will reduce the time required for repetitive analysis for different alternatives. Thus the designer can evaluate more alternatives and obtain the optimal solution. This integrated system allows the designers to participate in the design process irrespective of geographical location. The developed system provides the capability for design of templates for catalog-based design. The vendor can participate in the development process with their items as catalogs. The optimisation module offers the designers the opportunity to evaluate different alternatives and tradeoffs.
The following are some advantages of the system:
• integration of design process with the subsystems at a different location and optimisation of different elements
• rapid analysis of possible alternatives with optimally balanced requirements
• flexibility of change, extension, revision, and reuse of models
• data for the generation of manufacturing documentation.
Conclusions
Today's manufacturers encounter various difficulties involved in the product development process, which must be overcome for international competitiveness. These obstacles include shortened product life cycle, high quality products, highly diversified and global markets, and unexpected changes of technologies and customer needs. Any delay in development and a manufacturer runs the risk of losing revenue to the competition. Also, companies are heading towards vendor-based manufacturing (i.e., the manufacturers are trying to get most of the work done by the vendors so as to minimise the time-to-market). Hence it is essential to utilise a computer-aided system in designing, manufacturing, testing, and distributing the products to minimise time-to-market. The integration of information at every stage of product development requires Collaboration technology for cooperative work. In assisting the design and development of new products, integrated design technology plays a very important role. The described framework confirms design assumptions and predicts product performance in the early stages of the design process. This results in a faster product development cycle -with lower associated costs -achieved by eliminating the need to constantly build, test, and redesign.
Future work includes the use of generated models in the further cycle. It may include tasks such as automatically generating process plans, shop drawings, bills of material, machine-control (CNC) code, shop assignments, and documentation for other pieces of the manufacturing process. The developed framework is only a design part of collaborative product design and life cycle assessment. The manufacturing annexation will be a template for complete product life cycle assessment.
